ABSTRACT The present study was designed to determine the critical concentrations in blood and brain associated with specific behavioural changes during and after exposure to toluene. The effects of a single four hour exposure to toluene on signalled bar press shock avoidance in rats were tested. Rats exposed to 125, 250, and 500 ppm toluene showed a decline in conditioned avoidance responses at 20 minutes exposure compared with the pre-exposure baseline, although they recovered to almost the same level of performance as that before exposure. Exposure to 1000 ppm toluene for about four hours and 2000 ppm for two hours produced a concentration related increase in incorrect responses, acceleration of the reaction time, and decreases in the effective avoidance response rate. Beginning at 4000 ppm toluene exposure, the response rate increased; thereafter, it gradually decreased and finally slight ataxia was observed. After 4000 ppm exposure, all rats showed signs of excitation such as a pronounced increase in response rate. From analysis of the temporal courses of the blood and brain toluene concentrations during and after each exposure, excitative performance decrements were noticed in rats with blood and brain concentrations about 27 ,ug/ml blood and 32 ,ug/g respectively. Anaesthetic performance decrements were seen when the blood toluene concentration increased to 120 pg/ml and that of the brain reached about 160 ig/g. According to our results, the effects on the central nervous system are considered to be a function of both the exposure concentration and its duration, which are closely related to the increase of brain and blood toluene concentration.
Toluene is used extensively in industry as a solvent, an additive in motor and aviation fuels, and an intermediate in the manufacture of chemicals. With the recognition of the hazards of benzene and its replacement with methylated derivatives, the use of toluene is becoming even more widespread.
Toluene is a highly lipid soluble and readily disperses in the central nervous system. Symptoms of the central nervous system such as headache, dizziness, euphoria, abnormal electroencephalograms, and deficits in psychomotor performance have been reported in workers exposed to toluene vapour or toluene based lacquers or thinners.' Nervous system dysfunction induced by short term exposure to toluene has been studied in both man2" and animals.7 Most animal studies have used the method of operant conditioning using various reinforcement schedules.8 From the available information it is difficult to determine such basic issues as (a) Accepted I1 May 1987 what are the extent and threshold of the effects and (b) what is the nature or mechanism of the effect. This confusion is especially due to a lack of precise data on toluene concentrations in the target organs (brain and blood) and the lack of a statistically adequate experimental design: many of the early studies are based on too few animals, for example.
With experimental exposures to organic solvents it is especially important to measure target organ tissue levels in order to assess possible threshold or saturation effects or other dose related non-linearities. In addition, little evidence is available on the whole time course of toluene intoxication during and after exposure. From this viewpoint, we studied the neurobehavioural effects of single exposures to toluene in rats using conditioned avoidance perfor-Neurobehavioural effects and pharmacokinetics of toluene in rats and their relevance to man experiment. All experiments were performed under a dark light cycle consisting of alternating 12 hour periods, the dark period beginning at 0700. The setup used in the behavioural test consisted of Skinner boxes that were placed in a gas chamber with programming and recording equipment. A shock generator and scrambler (BRS/LVE) were used to deliver a 2 5 mA DC shock to the grid floor of each Skinner box for 0-2 s. The experimental contingencies were controlled by a Sord M23 microcomputer and related peripherals.
EXPOSURE
Static exposure was carried out in two similar stainless steel gas chambers (70 x 70 x 120 cm).9 The two chambers were simultaneously exposed, a calculated volume of toluene being introduced from an upper inlet by using a vaporiser. Rats were exposed to various concentrations of toluene (125, 250, 500, 1000, 2000, and 4000 ppm, in ascending order) and to air under identical conditions in each exposure. Toluene vapour concentration was determined with a Shimazu 4 BPTF gas chromatograph.
BEHAVIOURAL PROCEDURE
The shock avoidance response'" (fixed negative interval schedule with a light signal) was used to establish a behavioural baseline for the observation of behavioural changes after exposure to toluene. The animals were trained for one hour every two days with a reinforcement schedule of having a 10 second shockto-shock interval, a light signal being presented for five seconds before every electric shock. Under this schedule, the animals could avoid an electric shock if they pressed a lever when the light signal was on.
The behavioural baseline was established in the animals after 10 to 15 training sessions. After this, eight rats whose avoidance rate was successful in over 80% of the trials were selected and alternately exposed first to air, as a control, and then to toluene. The animals were placed in Skinner boxes to test their lever pressing behaviour under the above avoidance schedule beginning at 0900 every day. They were exposed to toluene or air for four hours from 1000 to 1400 and observations were continued for about two hours after the exhaustion of toluene. The interval between exposures to toluene for any single rat was set at 10-20 days to avoid the lingering effects of the previous exposure. The numbers of lever presses and shocks received per 20 minute period during these seven hour test periods and the latency to the light signal were adopted as the behavioural test parameters.
SOLVENT ANALYSIS
To measure the blood and brain toluene concentration during and after the exposure, a total of 220 male Wistar rats equivalent in weight to the animals of the behavioural experiment were used. They were exposed to toluene for four hours at the same (fig 1) . The 250 ppm and 500 ppm toluene exposures also induced appreciable increases in the total number of lever presses and considerably decreased the effective avoidance response rate in the initial 20 minutes after exposure, although they later recovered to almost the same level of performance as before the exposure. In period H (figs 2, 3) the lever press behaviour after the 250 ppm and 500 ppm toluene exposures was a little lower than that under control conditions. Exposure to 1000 ppm toluene produced an exposure duration related to the increase in the total number of lever presses and decreases in the effective response rate. Rats exposed to 1000 ppm toluene for at least 80 minutes showed a statistically significant increase in the total number of lever presses, which implies a decrease in the effective avoidance response rate and incorrect responses (fig 4) .
The total number of lever presses increased drastically after exposure to 2000 ppm toluene. Rats exposed to 2000 ppm toluene for four hours showed the most extreme excitation. Under these circumstances, total lever presses, expressed as the per cent of each pretest performance, exceeded 150%. The 
Total lever press * ** U*** Figure 9 shows toluene uptake (inhalation) and elimination in whole brain or blood of rats exposed to from 125 to 4000 ppm toluene for four hours. The concentration of toluene in the blood and brain depended on the concentration of toluene inhaled by Blood toluene concentration (,ug/ml) Neurobehavioural effects andpharmacokinetics of toluene in rats and their relevance to man the animals. The brain/blood ratio was about 1-20. Fluctuations in blood concentrations were similar to those in the brain during exposure to the solvent and recovery. On the whole, there was a progressive increase in the quantity of toluene in both blood and brain throughout the four hour inhalation period; most of the increase occurred during the initial hour of exposure. Figures 10 and 11 show the relation between the number of lever presses or the effective avoidance rate and the brain and blood toluene concentrations, estimated from the results of each exposure. From analysis of the temporal courses of blood and brain toluene concentrations during each exposure, clear dose related performance decrements, with decreases in the effective response rate and acceleration of the reaction time, were noticed in rats with blood and brain concentrations of about 26-8 ig/ml (which is the mean concentration at 1000 ppm, 120 minutes exposure)-69-6 ig/ml blood (2000 ppm, 240 minutes exposure) and 32-2 Mg/g-88-5 Mg/g for brain respec- tively. There were typical signs of anaesthetic central nervous system depression in rats and the corresponding concentrations were 120 pg/ml blood (4000 ppm, 120 minute exposure) and 159 pg/g brain. The increase in the total number of lever presses was almost linear with the increase in the blood and brain toluene concentrations. This behavioural effect seems to be rather directly dependent on the brain toluene concentration, which is affected by the exposure concentration and by the time period after exposure.
Discussion
Our study suggests that even low levels of exposure to toluene induce shock avoidance performance decrements in rats. Performance decrements were observed immediately after the beginning of 125, 250, and 500 ppm toluene exposures (period A). This coincides well with the result that irritation in the eyes, nose, and throat is highest in the first hour in the average subjective rating of people exposed to 100 ppm toluene.
A decrease in the total number of lever presses was detected at two hours after the cessation of 125, 250, and 500 ppm exposures (period H), even though the dose response relation under exposure to 500 ppm toluene was not so clear. The reason why performance decrements with 125 ppm toluene exposure were greater than those with 250 ppm or 500 ppm exposure might be explained by the so called first exposure effect. We observed the same phenomenon, that the first exposure induced stronger effects than the second or third in our other experiments on rats and mice exposed to toluene.213 Since no anaesthetic signs were observed with exposure to 500 ppm toluene, both the decreases in the total number of lever presses and the effective avoidance response rate observed are considered to be related to the fatigue, headache, or sleepiness of healthy volunteers exposed to low concentrations of toluene at the workplace. '4 As regards human performance at rest, Gamberale and Hultengren found impaired performance in tests of simple and choice reaction times at a concentration of 300 ppm.2 On the other hand, Dick et According to our results, the effects on the central nervous system are considered to be functions of both the exposure concentration and its duration, and are closely related to the increases of brain and blood toluene concentrations. It is estimated that typical manifestations of central nervous system excitation and corresponding toluene concentrations were as follows: 27 pg/ml blood and 32 pg/g brain. Depression of the central nervous system with anaesthetic performance decrements was produced by blood toluene concentration of 120 ug/ml and brain toluene concentrations of over 160 pg/g.
In the case ofa sniffer suspected of being intoxicated by inhaling toluene and being drowned, blood analysis indicated a concentration of 50 Mg/ml toluene, which was calculated to be equivalent to 2050 ppm toluene in the environmental air. '8 In the blood of those who had died because of toluene addiction Kashima et al reported blood toluene concentrations of 60 and 79 ug/ml.'9 It is assumed that these blood concentrations decreased during the interval between death and specimen recovery and that the actual blood toluene concentrations were higher when it was being inhaled.
It seems that there are not such large differences of toluene concentration in blood between rats and man. The respective toluene concentrations in the blood of rats exposed to 125 ppm and 250 ppm of toluene were 2'5 pg/ml and 7-0 Mg/ml in our experiment, whereas the toluene concentration in arterial blood of subjects exposed to 100 to 200 ppm toluene was shown as about 20 pg/ml to 5-0-6-0 pg/ml.202' Direct comparison between findings in man and those in animals must always be made with caution, but our results indicate that inhalation exposure to toluene impairs behavioural performance at concentrations considerably below those causing overt neurological signs, such as ataxia or other anaesthetic signs.
From our experiment, blood samples may be considered. to be a reasonable index of the behavioural effects of toluene in experimental subjects, although the brain has a somewhat higher toluene tissue-blood partition coefficient than do liver and most other tissues except fat tissue.22
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